The matching of oxygen supply to neural demand (i.e. neurovascular coupling [NVC]) is an important 34 determinant of cognitive performance. The impact of hypoxia on NVC remains poorly characterized. 35 NVC is partially modulated by nitric oxide (NO) which may initially decrease in hypoxia. This study 36 investigated the effect of acute NO-donor (nitrate) supplementation on NVC and cognitive function in 37 hypoxia. Twenty healthy men participated in this randomized, double-blind, crossover design study. ) (p<0.05) and this increase was not 48 altered by PLA or NIT (p>0.05). In conclusion, acute hypoxia resulted in significant reductions in memory 49 concomitant with preservation of executive function, attention, and sensorimotor function. Hypoxia 50 had no effect on NVC. Acute NIT supplementation had no effect on NVC or cognitive performance in 51 hypoxia. 52 53 54 55
Normal cerebral function is a critical determinant of cognitive performance and is dependent on 58 oxygen supply delivered by the cerebrovasculature ). As brain activity increases, blood 59 flow must increase to meet neural/metabolic demands and support cognitive activity (Vingerhoets and 60 Stroobant 1999), a process known as neurovascular coupling (NVC) (Iadecola 2004; Attwell et al. 2010) . 61
In hypoxic environments, reductions in arterial oxygen saturation are offset by compensatory 62 vasodilation (Casey and Joyner 2011 ) and subsequent augmented blood flow (Jia et al. 2011; Willie et al. 63 2014), the degree of which is proportional to the degree of hypoxemia. In the cerebrovasculature, this 64 compensatory hyperemia manifests as increased extrancranial (i.e. carotid) (Lewis et al. 2014a ; Lewis et 65 al. 2014b ) and intracranial (i.e. cerebral) blood flow compared to normoxia (Fan et al. 2010 ). Blood flow 66 regulation in this setting may be partially controlled by nitric oxide (NO) (Van Mil et al. 2002) . NO is 67 released from the vascular endothelium and acts to relax vascular smooth muscle, eliciting vasodilation 68 and increased blood flow (Nichols and O'Rourke 2005) . In addition to its central role as a regulator of 69 blood flow (Levett et al. 2011) , NO ensures optimal hyperemic response to neural activity (NVC) (Attwell 70 et al. 2010) , is necessary for hypoxia-induced cerebral vasodilation (Van Mil et al. 2002 ), and appears to 71 play an integral role in adaptations to hypoxia (Levett et al. 2011) . Upon initial exposure to systemic 72 hypoxia (e.g. acute ascent to high altitude), endothelial dysfunction and reductions in NO production 73 have been noted (Duplain et al. 2000) . Consequently, reductions in NO bioavailability with hypoxic 74 exposure may interfere with NVC and thereby impact cognitive performance. 75
Dietary nitrate supplementation may be a novel means of favorably impacting NVC and 76 cognitive function with acute systemic hypoxia exposure. NO can be synthesized endogenously by NO 77 synthases or from the nitrate-nitrite-NO pathway; dietary nitrate, a natural ingredient of beetroots, 78 vegetables, and leafy greens can be reduced to nitrate and increase NO formation (Hord et al. 2009 ). 79
Unlike the enzymatic reaction to produce NO, the conversion of nitrite to NO takes place preferentially 80 D r a f t under hypoxic conditions (Lundberg et al. 2008 ). The brain can use nitrate as a direct functional source 81 of NO (Piknova et al. 2011 ). Increased nitrite concentration via dietary nitrate consumption enhances 82 blood flow at rest (Presley et al. 2011 ) and increases endothelial function and NO production during 83 neuronal activity, augmenting subsequent NVC during increased cognitive demand (Aamand et al. 2013 ) 84 which may explain select improvements in cognitive function following acute nitrate supplementation in 85 normoxia (Wightman et al. 2015) . Thus, dietary nitrate supplementation in hypoxia might improve NVC 86 and thereby attenuate decrements in hypoxia-sensitive cognitive domains, but this has yet to be 87 explored. 88
The purpose of this study was to investigate the effects of acute nitrate supplementation on 89 NVC (operationally defined as change in cerebral blood flow from rest to cognitive engagement) and 90 global cognitive function in hypoxia. It was hypothesized that compared to an inert placebo, nitrate 91 supplementation would enhance NVC (manifesting as greater increases in cerebral blood flow measured 92 during cognitive engagement) and improve cognitive function in hypoxia. 93
Materials and Methods 94

Participants 95
Twenty-four recreationally active men in overall good health were recruited from the local 96 University community for this study. Two participants were lost to follow-up and one participant 97 experienced a syncopal episode upon hypoxic exposure and could not complete the study. Additionally, 98 one participant was excluded from data analysis due to excessive time between trials (>4 weeks), 99 leaving 20 participants (23 ± 3 yrs, BMI 24.6 ± 2.8 kg•m -2 , body fat 13.3 ± 6.8%, hemoglobin 14.7 ± 1.5 100 g/dL) for final analyses. Exclusion criteria included self-reported (determined from a health history 101 questionnaire) smoking, hypertension, diabetes mellitus, hyperlipidemia, pulmonary disease, renal 102 disease, neurological disease, or peripheral artery disease. Hemoglobin concentration was assessed at 103 baseline via finger-stick blood sample and microcuvette (The Hemocue Hemoglobin System, Hb201+; 104
Upon arrival to the laboratory, participants rested in the supine position for 10 minutes before 128 normoxic-baseline vascular and cognitive measures were assessed. Vascular measures were collected in 129 the supine position and in the same order under normoxic and hypoxic conditions. After completion of 130 vascular measures participants underwent salivary nitrite testing as a marker of nitrate metabolism, 131 followed by cognitive testing. Participants then ingested either a) NIT or b) PLA immediately prior to 132 entering the normobaric hypoxic chamber (FiO 2 11.6 ± 0.1%, ≈4,600m; Hypoxico Systems, New York, 133 NY). Oxygen concentration was measured using an oxygen monitor (PureAire Monitoring Systems Inc., 134 Lake Zurich, IL) secured inside the hypoxic chamber. Our hypoxic stimulus was chosen based on 135 previous research that established 4000-5000 m as the critical altitude for changes in cognitive function 136 (Babbar and Agarwal 2012) . Participants remained in hypoxia for 105 minutes before undergoing 137 hypoxic-vascular and cognitive testing. Our timeline was designed such that cognitive testing would 138 occur concordant with peak nitrate availability (≈2 hrs post-nitrate ingestion) as suggested by previous 139 literature (Presley et al. 2011) . 140
Measures 141
Quantifying the Hypoxic Stimulus 142
Arterial oxygen saturation was assessed using a reflectance pulse oximeter placed on the 143 forehead (Nonin Medical, Plymouth, MN) in order to quantify the hypoxic stimulus. End-tidal CO 2 144 (EtCO 2 ) was measured to ensure CO 2 levels were comparable between treatments (Nellcor OxiMax, 145 A salivary absorbent pad was placed under the tongue for 3-5 s and then pressed against a reagent strip. 151
The resulting color was compared to a colored scale to qualitatively assess nitrite availability. Nitrite 152 availability was assessed in 1) normoxia to ensure all participants began with similar, low levels of 153 salivary nitrite; and 2) hypoxia (≈2 hours after nitrate ingestion) to document changes in nitrite 154 availability following supplementation. for executive functions (assessed during our NVC protocol described below). We further assessed 162 common carotid artery (CCA) flow during cognitive perturbation to compliment MCA measures since 163 some regulation of intracranial flow may occur extracranially (Willie et al. 2014) . Previous data from our 164 laboratory (unpublished observation) has revealed that there are no significant differences between 165 primary outcome measures across three time points during cognitive perturbation (Stroop task). Thus, 166 CCA blood flow (described below) was assessed once during the Stroop task beginning 30-seconds after 167 task initiation. All NVC metrics were calculated as absolute change from baseline. 168
In this study we measured NVC during a computerized, modified incongruent Stroop color-word 169 interference task (E-Prime, Psychology Software Tools Inc, Sharpsburg, PA). This test has been 170 previously used as a mental stressor and means of assessing NVC in our laboratory (Heffernan et al. 171 2014). All participants were familiarized with the Stroop task prior to experimental testing in order to 172 D r a f t control for learning effects. The Stroop task was completed in the supine position with the head tilted 173 slightly back, thereby optimizing the imaging window of the carotid artery. The viewing display for 174 normoxic testing was a specialized wall-mounted 107-cm flatscreen television that extended over the 175 participant. Font was displayed approximately 102-cm above the participant with 3.0-cm font on a black 176 background. For hypoxic testing, the Stroop task was projected onto the ceiling of the chamber using a 177 computer-interfaced projector (IN1100, InFocus, Portland, OR) that displayed the task approximately 178 160-cm above the participant with 4.5-cm font. Despite the task being displayed farther away from the 179 participant in hypoxia, the ratio between viewing distance (cm) and font size (cm) was comparable to 180 normoxia (34:1 normoxia, 36:1 hypoxia). 181
The NVC protocol began when participants were presented with a white crosshair in the center 182 of the viewing window for approximately 3-seconds. A target word was displayed in incongruous colors 183 (e.g. the word "blue" written in the color red), with four names of response colors presented similarly 184 (e.g. the word "red" written in the color blue). The task was to use a response clicker to identify the 185 color that matched the target word displayed as quickly as possible. The response colors (1-4) 186 corresponded to the remote clicker buttons (1-4) which the participant manipulated using the digits on 187 their dominant side (index finger -pinky finger). This task lasted 4-minutes in duration, which has been 188 previously been shown to elicit changes in heart rate and blood pressure (Heffernan et al. 2014) . attention, and executive function domains and the specific tasks have been described in detail 231 elsewhere (Silverstein et al. 2007 ). Brief summaries of the tests are provided in Table 1 . 232
Statistical Analyses 233
Effect size values were estimated from previous literature for cerebral blood flow (0.65) (Poulin 234 and Robbins 1996), reaction time (0.48) ) and memory (0.89) (Wang et al. 2013 ) in hypoxia, 235
identifying an average effect size of 0.67. Therefore, for a power of 0.80 with alpha set as 0.05 for a two-236 tailed t-test, approximately 20 participants was determined to be sufficient to observe similar changes in 237 blood flow and cognitive function during hypoxia. 238 D r a f t All data are presented as mean ± standard deviation. All data was normally distributed, as 239 tested using histograms, Q-Q plots, and Shapiro-Wilk tests, thus no variables were logarithmically 240 transformed. The effect of altitude exposure was tested using paired t-tests between normoxia and 241 hypoxia. The effect of NIT was tested using paired t-tests between NIT and PLA in hypoxia. NVC was 242 assessed using absolute ∆ scores, calculated as cognitive engagement values -baseline values, for each 243 treatment (PLA, NIT) and condition (normoxia, hypoxia). A one-sample t-test compared NVC change 244 scores to zero to determine if there was significant hemodynamic coupling during cognitive activity. 245
Significance was set a priori at p < 0.05. 246
Results
247
The duration of hypoxic exposure (165 ± 8 min, PLA; 161 ± 8 min, NIT; p = 0.076) and percent 248 oxygen in the hypoxic chamber (11.6 ± 0.1%, PLA; 11.7 ± 0.1%, NIT; p = 0.34) were not significantly 249 different between treatments. Hypoxia resulted in similar significant decreases in SaO 2 (98 ± 2 vs 75 ± 250 6% PLA; 98 ± 2 vs 75 ± 7% NIT; p < 0.001) and ET-CO 2 (39 ± 2 vs 33 ± 2 mmHg PLA; 39 ± 3 vs 34 ± 2 mmHg 251 NIT; p < 0.001) in both treatments compared to normoxia. 
Effect of hypoxia on cognitive function 277
There were no differences in cognitive function at normoxic baseline between PLA and NIT treatments 278 (p > 0.05). A significant effect of hypoxia was detected within the memory and information processing 279 domains (Table 4) . Memory recognition was lower in hypoxia compared to normoxia in both PLA and 280 NIT treatments (p < 0.05). This was driven by greater intrusion errors and lower memory recognition 281 performance in both PLA and NIT treatments in hypoxia (p < 0.05). Accuracy and RT during the visual 282 interference task was improved in both PLA and NIT treatments in hypoxia compared to normoxia (p < 283 0.05). Emotion recognition index was lower in both PLA and NIT treatments in hypoxia compared to 284 regards to emotion recognition. Emotion recognition in this study was assessed as 1) the ability to 340 correctly identify emotion based on facial expressions and 2) the ability to recall (≈ 10 minutes later) 341 which facial expressions had been previously presented. Thus, it is possible that the reductions in 342 emotion recognition observed herein may be partially related to/driven by impaired memory function 343 that potentially impacted the emotion recall performance. We noted no significant changes for the 344 remaining cognitive domains. Indeed, some domains of cognitive function may not be affected by 345 hypoxia. Performance on simple tasks, such as 2-choice RT and finger tapping, is maintained at altitudes 346 below 6,000m (Virues-Ortega et al. 2004; Petrassi et al. 2012) . Consistent with these reports, we 347 observed no significant changes in finger tapping speed, choice RT, or go-no-go tasks. We also observed 348 no effect of hypoxia on verbal learning rate and executive function and this too is in line with previous 349 reports ( regional hemodynamic responsiveness to hypoxia (Dunn et al. 1999 ). Moreover, these hypoxic 381 alterations in hemodynamics and oxidative stress in the hippocampus have been specifically linked to 382 impairments in memory (Maiti et al. 2008 ). Future studies should explore both anterior cerebral 383 arteries (frontal cortex) and posterior cerebral arteries (hippocampus) as part of NVC protocols that 384 explore cognitive function in hypoxia. 385
Limitations and future directions 386
The participants in the current study were generally young (23 ± 3 yrs), healthy males which 387 limits applicability to other populations. Results may differ if this study was conducted in females based 388 which is of particular importance since a portion of hypoxic hyperemia is due to sympatholysis 395 overriding sympathetic-mediated constriction (Dinenno et al. 2003) . Studying the acute effect of nitrate 396 ingestion on NVC in hypoxia in this population may be beneficial as nitrate has been shown to restore 397 sympatholysis in older adults during hypoxic exercise (Casey et al. 2014 ) and alter NVC in older adults 398 (Presley et al. 2011) . It is possible that individuals repeatedly exposed to subacute hypoxia/ischemia 399 may respond differently to nitrate supplementation due to hypoxic preconditioning. Studies suggest that 400 repeated subacute hypoxic exposure may offer neurovascular protection (Poinsatte et al. 2015) , 401 D r a f t stimulate cerebrovascular remodeling (Boroujerdi and Milner 2015) , and may improve oxygen 402 saturation (Foster et al. 2014 ) and abrogate oxidative stress (Berger et al. 2015 ) during additional 403 ischemic events. Whether hypoxic preconditioning alters the effect of nitrate on NVC and cognitive 404 function in hypoxia was beyond the scope of the current study and requires future research. 405
Cerebral blood flow is dependent on arterial gases, blood pressure, and neural activity (Willie et 406 al. 2014 ). Hypoxia is accompanied by a hyperventilatory response that, although intended to defend 407 against arterial hypoxemia, may have a profound effect on the cerebrovasculature via hyperventilation-408 induced hypocapnic vasoconstriction (Brugniaux et al. 2007 ). In the current study, participants were 409 Heart rate (b•min -1 ) 8 ± 11* 7 ± 8* 6 ± 8* 5 ± 7* SaO 2 (%) 0 ± 2 0 ± 5 0 ± 2 1 ± 4 MAP, mean arterial pressure; CCA, common carotid artery; MCA, middle cerebral artery; SaO 2 , arterial oxygen saturation. *P < 0.05 vs zero; †p < 0.05 vs normoxia; ^trend p = 0.06 vs normoxia
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